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Rotaviruses, which are the main cause of viral gastroenteritis in young children, induce structural and functional damages in infected
mature enterocytes of the small intestine. To investigate a relationship between rotavirus infection and cell death by apoptosis, we used the
human intestinal Caco-2 cell line. We demonstrated by several methods including TUNEL and ELISA detection of cytoplasmic histone-
associated DNA fragments that the infection of fully differentiated Caco-2 cells by the RRV rotavirus strain induces apoptosis. Rotavirus
infection leads to the loss of mitochondrial membrane potential and the release of cytochrome C from mitochondria. We showed that
rotavirus-induced apoptosis was dependent of the multiplicity of infection and increased with time from 4 h to 24 h of infection. Flow
cytometric analysis showed that DNA fragmentation occurs in productively infected cells, suggesting that rotavirus induces apoptosis by a
direct mechanism. We also demonstrated that non-replicative RRV particles are not sufficient to induce apoptosis and viral gene expression
seems required. Intracellular calcium plays a role in RRV-induced apoptosis because treatment with an intracellular calcium ion chelator
(BAPTA-AM) partially inhibited apoptosis.
D 2004 Elsevier Inc. All rights reserved.
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Rotaviruses, which belong to the Reoviridae family,
exhibit a marked tropism for the enterocytes of the intestinal
epithelium and are recognized as the major cause of viral
gastroenteritis in young children. Although much is known
about their replication and maturation processes, the patho-
physiologic mechanisms of rotavirus infection, extensively
studied (Ciarlet and Estes, 2001; Lundgren and Svensson,
2001; Servin, 2002), are not completely understood.
Studies using animal models have reported the presence
of histopathologic changes and functional abnormalities in0042-6822/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.virol.2004.11.039
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(M. Ge´niteau-Legendre).infected intestinal mucosa (Greenberg et al., 1994). To
approach in vitro the in vivo situation, we used the human
intestinal epithelial cell line Caco-2. These cells, established
from a human colon adenocarcinoma (Fogh et al., 1977),
spontaneously differentiate after confluency and display
many of the morphologic and functional properties of the
mature enterocyte (Pinto et al., 1983), the target of
rotaviruses. During the last 5 years, our laboratory showed
that infection of Caco-2 cells by the simian rotavirus strain
RRV induces structural and functional alterations such as
cytoskeleton disorganization (Brunet et al., 2000b), decrease
of the activity of the brush border hydrolase saccharase-
isomaltase (Jourdan et al., 1998; Martin-Latil et al., 2004),
and increase in intracellular calcium concentration (Brunet
et al., 2000a). It is well established that calcium plays a
major role in the events leading to cell injury and cell death,
specially by apoptosis (Orrenius et al., 2003; Pinton et al.,05) 480–490
C. Chaı¨bi et al. / Virology 332 (2005) 480–490 4812002; Smaili et al., 2000). Indeed, calcium is a well-known
inducer of mitochondrial permeability transition (MPT)
which leads to liberation of cytochrome C from the
mitochondria, a critical event during apoptosis (Chandra et
al., 2002). Apoptosis plays a major role in many physio-
logical processes such as development, morphogenesis,
tissue remodeling, and immune regulation (Krammer et
al., 1994). It is also involved in pathologic situations either
non-infectious (Blomgren et al., 2001) or infectious (Hof-
man and Auberger, 2000). Many viruses may promote or
inhibit apoptosis in order to maximize their pathogenicity
(Hay and Kannourakis, 2002; O’Brien, 1998). It has been
postulated that apoptosis represents an antiviral mechanism
to limit viral replication by destruction of virus-infected
cells. Apoptosis induction may also represent a method by
which viruses can induce cell death while limiting inflam-
matory and other immune responses. Several viruses such as
human immunodeficiency virus (Roggero et al., 2001),
measles virus (McQuaid et al., 1997), poliovirus (Ammen-
dolia et al., 1999), TGEV (Sirinarumitr et al., 1998),
reovirus (Clarke et al., 2001; Kominsky et al., 2002a;
Oberhaus et al., 1997), and SA-11 strain of rotavirus
(Superti et al., 1996) have been shown to induce apoptosis
in many cell types.
In order to better understand the physiopathology of
rotavirus, we focused on a possible relationship between
rotavirus infection and apoptosis of human intestinal
epithelial cells. In this report, we demonstrate that the
rotavirus strain RRV induces apoptosis in polarized fully
differentiated Caco-2 cells. Apoptosis is time- and viral
replication-dependent. Moreover, this phenomenon is medi-
ated by a direct mechanism, which affects the mitochondria.Fig. 1. DNA fragmentation in Caco-2 cells undergoing apoptosis. (A)
TUNEL labeling of mock- and RRV-infected cells (moi 10, 24 h pi). Phase-
contrast microscopy of the same fields is shown. Infected cells showed
different steps of DNA fragmentation (chromatin condensation and
apoptotic bodies). These results are representative of three different assays.
(B) ELISA detection of histone-associated DNA fragments from extracts of
Caco-2 cells infected with RRV during 24 h (moi 10) or mock-infected
cells. Statistical differences between mock- and RRV-infected cells were
determined by the Student’s t test. *Denotes significantly different ( P b
0.05). The values shown are the averages of three independent assays.Results
Rotavirus induces apoptosis in Caco-2 cells
In order to seek whether RRV infection induces
apoptosis, different assays were conduced in mock- and
RRV-infected Caco-2 cells at 24 h post-infection (pi). We
used the TUNEL assay, which is able to identify apoptotic
cells by labeling the fragmented DNA ends generated by
endonucleases during apoptosis. As shown in Fig. 1A, only
some apoptotic cells can be seen in mock-infected cells.
Conversely, different steps of DNA fragmentation were
observed in infected-Caco-2 cells, from initial to final
chromatin condensation. Apoptotic bodies were also
observed. As seen by phase-contrast microscopy view,
TUNEL-positive cells from the infected monolayer corre-
spond to those with swelling, an apoptotic morphology
characteristic.
In order to provide further confirmation, we quantified
DNA fragmentation by using the sensitive kit Cell Death
Detection ELISAplus, a photometric enzyme-immunoassay
for in vitro determination of cytoplasmic histone-associated-DNA-fragments. Fig. 1B shows the enrichment of mono
and oligonucleosomes in the cytoplasm of RRV-infected
Caco-2 cells. Indeed, after 24 h of infection, infected cells
showed a 5-fold increase of DNA fragments versus mock-
infected cells. To estimate necrosis, the assay was also
performed on supernatants of mock- and infected Caco-2
cells from the same wells and no significant difference was
noticed (data not shown).
Rotavirus-induced apoptosis was also demonstrated by
monitoring the disruption of mitochondrial transmembrane
potential (Delta cm), which constitutes an early event in
several apoptotic processes (Danen-van Oorschot et al.,
2000; Parone et al., 2002). We used flow cytometric analysis
of cells stained with DIOC6(3), a Mito Tracker which
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tial. Twenty-four hours after infection, apoptotic cells
exhibiting a collapsed mitochondrial potential were in the
range of 41.82% compared to 9.38% in mock cells (Fig.
2A). To distinguish between apoptotic and necrotic cells,
Caco-2 cells were also counterstained with propidium iodide
(PI) (Fig. 2B). Consequently, this labeling permitted to
distinguish in RRV-infected cells late apoptotic cells
(5.83%) from necrotic cells (2.16%). To visualize the drop
of Delta cm in apoptotic cells, mock- and RRV-infected cells
were stained by using Mito Tracker Red CMX-Ros (Fig.
2C). CMX-Ros is only taken up by actively respiringFig. 2. Rotavirus infection of Caco-2 cells induces a drop of mitochondrial mem
cytometric analysis of mock- or RRV-infected Caco-2 cells (24 h pi, moi 10) staine
labeling. (B) Dot plots represent DIOC6(3) and Propidium Iodide staining and were
at the upper left represents late apoptotic cells. The upper right quadrant represents
the low right quadrant. Percentages of each quadrant are indicated. All results are fr
DeltaCm in RRV-infected Caco-2 cells. Cells were stained with Mito Tracker Red C
morphology. (D) Immunoblot analysis of cytochrome C release. Mitochondrial
separated by SDS–PAGE and blotted with an anti-cytochrome C antibody. Fold
normalized to mock-infected cells is indicated.mitochondria with intact Delta cm. The DNA-binding
Hoechst fluorophore was used to pick out the nuclear
morphology. Rotavirus-infected cells presented apoptotic
cells which had a disruption of the Delta cm shown by the
diffuse cytoplasm pattern of CMX-Ros (Fig. 2C). Those
cells had chromatin condensation as shown by Hoechst
33258 staining. Cells expressing intact mitochondrial trans-
membrane potential displayed CMX-Ros punctuate stain-
ing. Following a drop of Delta cm, cytochrome C can be
released from mitochondria through the opened mitochon-
drial pores. Therefore, we investigated the localization of
cytochrome C after RRV infection. Mitochondrial andbrane potential (Delta Cm) and release of cytochrome C. (A and B) Flow
d with DIOC6(3) and Propidium Iodide. (A) Histograms represent DIOC6(3)
separated as follow. The low left quadrant indicates apoptotic cells. The area
necrotic cells. Normal cells (non-apoptotic and non-necrotic) are present in
om representative experiments (n z 3). (C) Immunofluorescence staining of
MX-Ros to analyze DeltaCm, and with Hoechst 33258 to visualize nuclear
(M) and cytosolic fractions (C) from mock- or RRV-infected cells were
increase of cytochrome C release into the cytosol after rotavirus infection
Fig. 3. RRV-induced apoptosis in Caco-2 cells is time-dependent. (A)
Annexin V-EGFP labeling of RRV-infected Caco-2 cells (4 h pi, moi 10).
The same section was analyzed by phase-contrast and confocal micro-
scopy. This result is representative of three different assays. Scale bars, 10
Am. (B) Histograms represent the percentages of apoptotic cells, evaluated
by counting Hoechst-stained cells in a blinded fashion at different times
pi. Values are averages F standard deviations from three experiments per
condition and 500 cells were scored per experiment. Statistical differences
between mock- and RRV-infected cells were determined by the v2 test.
The curve indicates the evolution of virus yield during RRV-infection
(moi 10).
Fig. 4. RRV-induced apoptosis in Caco-2 cells is moi-dependent. Caco-2
cells were infected at different moi and fixed 18 h after infection. The
percentages of apoptotic cells were evaluated by counting apoptotic cells
stained by Hoechst 33258. Values are averages F standard deviations from
three experiments per condition and 500 cells were scored per experiment.
Statistical differences between mock- and RRV-infected cells were
determined by the v2 test. *Denotes significantly different ( P b 0.001).
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prepared by subcellular fractionation and analyzed by
Western blot. In rotavirus-infected cells, the level of
cytochrome C in cytosol increased 2.6 times compared to
the level observed in mock-infected cells (Fig. 2D). These
results indicate that cytochrome C is released from
mitochondria during apoptosis induced by RRV.
Time-course of RRV-induced apoptosis
To determine the early stages of apoptosis after RRV
infection, Caco-2 cells were infected during 2 h to 12 h and
stained with Annexin V-EGFP (Majumdar et al., 2001).
Annexin V binds PhosphatidylSerine externalized from the
inner to the outer leaflet of the plasma membrane during the
early stages of apoptosis, before the DNA fragmentation
occurs. Cell apoptosis appeared from 4 h after rotavirus
infection, since from this time the cells displayed typical
Annexin V-positive labeling (Fig. 3A). These cells also
presented swelling, as seen by Nomarsky view.
In an attempt to determine the kinetics of apoptosis-
signaling events induced by RRV in Caco-2 cells, we
determined a time course by counting apoptotic cellsstained with Hoechst 33258 from 4 h to 24 h after
infection. Assays were conducted until 24 h pi thus, at
this time, no cell membrane damages are observed, as we
previously demonstrated (Brunet et al., 2000a; Jourdan et
al., 1998; Obert et al., 2000). As shown in Fig. 3B, the
percentage of cells presenting typical apoptotic labeling
increased from 3.9% at 4 h pi to 42% after 24 h. Mock-
infected cells were incubated under identical conditions to
infected cells (trypsin and serum free medium) and were
assayed at the same time point than infected cells. No
significant difference of the percentage of apoptotic cells
was observed during all time course (data not shown). In
parallel, the virus yield was measured by titration of
viruses in the supernatants of infected cells (Fig. 3B).
Infectious titers grew up with the time of infection and
reached a plateau at 20 h pi. Taken together, our
observations showed that RRV-induced apoptosis was
time-dependent and correlated with viral replication.
Rotavirus-induced apoptosis is moi-dependent
In order to quantify the rotavirus-induced apoptosis,
mock- and RRV-infected Caco-2 cells (moi 0.01 to 100)
were stained 18 h after infection with Hoechst 33258. The
percentage of apoptotic cells was evaluated in the total cell
population. Typical apoptotic cells increased significantly
from 3% for moi 0.01 to 13% for moi 100, whereas only 1%
of mock-infected cells showed nuclei condensation (Fig. 4).
This result suggests a relationship between apoptosis and
rotavirus concentration.
Since several viruses, such as Reovirus T3D (Oberhaus
et al., 1997), TGEV (Sirinarumitr et al., 1998), and HIV
(Finkel et al., 1995), have been shown to induce apoptosis
in infected and/or bystander cells, we performed a double
labeling experiment to find out whether infected or
bystander cells, or both, were undergoing apoptosis.
Fig. 5. The majority of apoptotic cells expressed viral antigens. Caco-2 cells were infected with RRV during 24 h at moi 10, co-labeled for TUNEL (FITC) and
rotavirus antigens (Viral Ag) (rhodamine), and analyzed by flow cytometry. This result is representative of three different assays. Percentages are indicated.
Fig. 6. Effect of different treatments on RRV-induced apoptosis. (A) Cells
were infected with RRVor treated with UV-inactivated RRV during 18 h at
moi 10. (B) Caco-2 cells were mock- or RRV-infected during 15 h (moi 10),
then incubated in Ca2+-free medium containing 25 AM BAPTA-AM during
3 h. The percentage of apoptotic cells was evaluated by counting randomly
apoptotic cells stained by Hoechst 33258. Values are averages F standard
deviations from three experiments per condition and 500 cells were scored
per experiment. Statistical differences were determined by the v2 test.
*Denotes significantly different ( P b 0.001). NS, not significantly different.
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labeled for viral antigens and for DNA fragmentation by
TUNEL (Fig. 5). Results were analyzed using flow
cytometry. As noted in the upper quadrants, about 80% of
the Caco-2 cells were infected by rotavirus at moi 10. Co-
labeling of RRV-infected cells showed that about half of
cells positive for viral antigens were also positive for
apoptosis (41.3% versus 38.4%). The percentage of mock-
infected cells positive to TUNEL (3.8%) was comparable to
their infected counterparts (4.1%), suggesting that RRV
induces the apoptotic pathway by a direct mechanism.
UV inactivated RRV particles do not induce apoptosis in
Caco-2 cells
In order to determine whether apoptosis is related to
early stages of infection such as binding, we used non-
replicating viral particles obtained by a psoralen-UV
treatment. This treatment did not diminish the viral
RNA quantity, as assessed by spectrophotometry assay,
neither altered the binding capacity of inactivated RRV as
we previously showed in a hemagglutination assay
(Brunet et al., 2000a). Moreover, effectiveness of
psoralen-UV inactivation was demonstrated by the lack
of detectable viral antigens in an immunofluorescence
assay (Brunet et al., 2000a). The addition to Caco-2 cells
of UV-inactivated RRV at moi 10 in the same exper-
imental conditions than replication-competent virus did
not induce apoptosis (Fig. 6A). This assay was also
performed at a higher moi (moi 100) and there was still
no induction of apoptosis (data not shown). Thus, these
results indicate that rotavirus binding is not sufficient to
induce apoptosis in Caco-2 cells.
Implication of calcium in RRV-induced apoptosis
Calcium (Ca2+) plays a pivotal role in the replication and
pathogenicity of rotavirus (Ruiz et al., 2000). Moreover,
cellular Ca2+signals are crucial in the control of cell injury
and cell programmed death (Smaili et al., 2000; Trump andBerezesky, 1995). We previously reported that the increase
of intracellular calcium (Ca2+) concentration in RRV-
infected fully differentiated Caco-2 cells requires viral
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Ca2+in the RRV-induced apoptosis of these cells by studying
the effects of Ca2+ depletion. Fifteen hours after infection,
RRV-infected cells were treated for 3 h with Ca2+-free
medium containing 25 AM BAPTA-AM, an intracellular
Ca2+chelator, and examined for apoptosis by counting
apoptotic cells. This treatment abolishes the RRV-induced
Ca2+ rise without inhibiting viral replication (Brunet et al.,
2000a). Apoptosis induced by RRV infection was signifi-
cantly decreased by BAPTA-AM treatment (Fig. 6B),
leading to an inhibition of 36.5% of apoptosis with regard
to untreated RRV-infected cells. This result shows that Ca2+
is implicated in the RRV-induced apoptosis of Caco-2 cells.Discussion
We report here that the infection of the parental fully
differentiated intestinal Caco-2 cell line by the rotavirus
strain RRV leads to apoptosis. Caco-2 cells are human
intestinal epithelial cells that differentiate spontaneously in
culture, as they do in the normal intestine, and exhibit
many of the morphologic and functional properties of
enterocytes, targets of rotavirus. Rotavirus-induced apop-
tosis in Caco-2 cells was demonstrated by TUNEL
labeling, which detects the different steps of in situ DNA
fragmentation and by ELISA detection of cytoplasmic
histone-associated DNA fragments. Superti et al. found no
DNA fragmentation after infection with the SA-11 strain of
rotavirus in intestinal HT-29 cells, whereas the cells
displayed apoptotic signals (Superti et al., 1996). It is
generally accepted that, although morphological features of
apoptosis can be observed, internucleosomal cleavage of
DNA does not occur in every cell type (Oberhammer et
al., 1993; Ucker et al., 1992). The use of an ELISA
detection, a more sensitive test than DNA separation after
migration in an agarose gel, could also account for the
differences observed. In addition, the difference in DNA
fragmentation between HT-29 and Caco-2 cells could
result from the state of intestinal cell differentiation of
these cells, since Caco-2 cells are fully differentiated
whereas observations of apoptosis induced by SA-11 strain
of rotavirus were realized in undifferentiated HT-29 cells
(Zweibaum et al., 1991). We demonstrated that, after
rotavirus infection, the membrane potential in mitochon-
dria was decreased and cytochrome C was released from
the mitochondria to the cytosol. Infection with Reovirus,
another virus of the Reoviridae family, is also associated
with selective cytosolic release of the mitochondrial
proapoptotic factors such as cytochrome C (Kominsky et
al., 2002b). However, they did not observed a modification
of the mitochondrial membrane potential upon infection.
Our observations clearly demonstrate that apoptosis is
directly induced by rotavirus infection. RRV-induced
apoptosis started as early as 4 h post-infection, was time-
dependent, and correlated with viral replication. Someviruses, such as HIV (Finkel et al., 1995), TGEV
(Sirinarumitr et al., 1998), and Reovirus T3D (Oberhaus
et al., 1997), are able to induce apoptosis in uninfected
bystander cells, suggesting indirect mechanisms of apopto-
sis. In order to find out whether only infected or both
infected and uninfected cells display apoptotic features, we
performed a double labeling assay to concurrently observe
apoptotic signals and viral antigens. Our findings demon-
strated that almost all apoptotic cells are also positive for
viral antigens, and only 4% of the apoptotic cells do not
express viral antigens, a percentage similar to what was
observed in mock-infected cells (3.8%). These results
suggest that rotavirus induces apoptosis by a direct
mechanism in fully differentiated Caco-2 cells. Since
RRV-induced apoptosis appeared as early as 4 h pi, we
determined whether apoptosis is related to early stages of
infection such as rotavirus binding to the cell membrane.
This observation has already been reported for UV-
inactivated Reovirus (Labrada et al., 2002; Oberhaus et
al., 1998). Nevertheless, UV-inactivated West-Nile virus
failed to induce apoptosis in mononuclear and in neuro-
blastoma cell lines whereas the virus triggers apoptosis in
the same cells (Parquet et al., 2001). We observed that
addition of non-replicating rotavirus particles to Caco-2
cells did not induce apoptosis, even at high moi. These
findings indicate that apoptosis is not induced by the
attachment or penetration of viral particle into the host cell
and viral active replication might be necessary to induce
apoptosis in Caco-2 cells. Twenty-four hours after infection
with moi 10, 42% of the total cell population displayed
apoptotic signals as it was demonstrated by Hoechst 33258
and DIOC6(3) dye. This may suggest that only a subpopu-
lation of the cells was susceptible to apoptosis. Clones of
Caco-2 cells have been isolated, showing considerable
differences in the levels of sucrase activities, rates of
glucose consumption, and expression of hexose-transporter
mRNAs, without any marked changes in other features of
enterocytic differentiation of the cells (Chantret et al., 1994;
Mahraoui et al., 1994). Rotavirus-induced apoptosis may be
related to the rates of glucose consumption in a subpopu-
lation of Caco-2 cells.
Our previous data showed that rotavirus infection of
Caco-2 cells leads to an intracellular increase in [Ca 2+]i from
moderate in the early time of infection to a 5-fold increase 24
h after infection (Brunet et al., 2000a). Ca2+ is recognized as
an important regulator of apoptosis and both early and late
increase in [Ca2+] can be apoptogenic (Jiang et al., 1994;
Lynch et al., 2000). It has been reported that calcium
signaling plays a crucial role in the apoptosis induced by
HIV and Hepatitis B virus (Chami et al., 2003; Sasaki et al.,
2002). Indeed, induction of apoptosis by HIV-1 protein
gp160 is mediated by an intracellular calcium increase
(Sasaki et al., 2002). Similarly, apoptosis induced by
Hepatitis B virus X protein was markedly reduced by
alterations in calcium signaling (Chami et al., 2003). We
demonstrated in this report that the increase of [Ca 2+]i
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in the RRV-induced apoptosis because the blocking of Ca2+
elevation by BAPTA-AM treatment leads to an inhibition of
about 40% of the RRV-induced apoptosis. Enzymes such as
calpain, a Ca2+-dependent protease, are involved in several
apoptotic models (Liu et al., 2004). Reovirus induces
apoptosis by an increase of calpain activity (DeBiasi et al.,
2001). Therefore, calpain might be implicated in rotavirus-
induced apoptosis observed in Caco-2 cells.
Cell death by apoptosis is associated with the pathology
of viral infection. Some viruses stimulate apoptosis with the
aim of facilitating viral spreading and subverting the host
immune response by limiting induction of inflammation.
Indeed, cells undergoing apoptosis, in contrast with
necrosis, do not provoke an inflammatory reaction because
the cell membrane is intact and progeny virions are encased
into membrane-bound apoptotic bodies. These ones are
phagocytized by neighboring cells, thus avoiding leakage of
potentially inflammatory cytoplasmic enzymes and proteins
(Teodoro and Branton, 1997). In RRV-infected Caco-2 cells,
RRV is released from the apical domain from 18 h after
infection before cell lysis, which appears beyond 24 h of
infection, when total progeny viruses have already been
released (Jourdan et al., 1998). It was also shown that in 7-
day-old mice infected by murine rotavirus, virus particles
were found in enterocytes at 48 h and 144 h post-infection,
but at any time, no clear correlation was found with the
degree of cell damage since many damage cells appeared to
contain no virus particle, yet other cells with virus were
relatively undamaged (Osborne et al., 1988). These results
suggest that rotavirus was not by itself inherently cyto-
pathic. Furthermore, histological changes associated with
rotavirus infection in many experimental or human infec-
tions are not accompanied by significant inflammation. In
calves infected by rotavirus, no evidence of inflammation
was seen (Carpio et al., 1981) and in a majority of biopsies
of infants with rotavirus gastroenteritis only a mild or
moderate inflammation was reported (Barnes and Townley,
1973; Davidson and Barnes, 1979).
Apoptosis may also be associated with functional
changes in the course of rotavirus infection, such as
modifications of cell permeability. Indeed, gut permeability
to macromolecules was increased during experimental
infection of suckling mice with rotavirus (Heyman et al.,
1987), and profound changes in permeability were reported
in infants during acute rotavirus diarrhea (Stintzing et al.,
1986). It was recently proposed that apoptosis is a possible
cause of increased intestinal permeability. Induction of
apoptosis in human epithelial HT-29 cells has been
associated with a decrease of transepithelial resistance and
a degradation of tight junction proteins (Bojarski et al.,
2001, 2004). Similarly, rotavirus infection in Caco-2 cells is
followed by a dilatation and/or opening of the tight
junctions resulting from the rearrangements in structural
and functional tight junction proteins (Dickman et al., 2000;
Obert et al., 2000). Therefore, we hypothesize that rotavirus-induced apoptosis plays a role in the increase of epithelial
permeability during infection.
Finally, apoptosis can be increased in pathological states
of the gastrointestinal tract (for a review, see Ramachandran
et al., 2000), and recent observations are in favor of the
involvement of apoptosis in the course of rotavirus
infection in vivo. Boshuizen et al. report for the first time
induction of apoptosis after rotavirus infection in vivo and
an increase in epithelial cell turnover in infected cells.
Indeed, in suckling BALB/c mice infected with the mouse
rotavirus strain EDIM, apoptotic cells were observed in the
upper part of the villi, where most infected cells were
observed, whereas apoptotic cells were rarely seen in
control animals (Boshuizen et al., 2003).
Taken all together, these observations suggest that
rotavirus-induced apoptosis may participate to the pathology
of the viral infection by reducing mature enterocytes which
are extruded from the villi and shed into the bowel lumen.
Moreover, apoptosis may allow viral spreading from enter-
ocytes while limiting the host’s inflammatory response.Materials and methods
Cells and culture conditions
The parental Caco-2 cell line established from a human
colon adenocarcinoma by Fogh et al. (1977) was used
between passages 60 and 80. Cells were grown in
Dulbecco’s modified Eagle’s medium (DMEM) (Invitrogen
Ltd, Cergy-Pontoise, France) supplemented with 15% (vol/
vol) heat-inactivated fetal calf serum (FCS) (Invitrogen Ltd)
and 1% non-essential amino acids (Invitrogen Ltd) at 37 8C
in a humidified 10% CO2 incubator. Caco-2 cells (10
4/cm2)
were seeded in 24-well plates (TPP via Polylabo, Strasbourg,
France) containing or not coverslips for immunofluorescence
studies and seeded in 25 cm2 culture flasks (Corning via
Dutscher, Brumath, France) for flow cytometric analysis.
The medium was changed every day and the cells were used
for 13–15 days after seeding. At this time, Caco-2 cells were
fully differentiated as indicated by the expression of
saccharase-isomaltase (SI), a marker of differentiation on
the whole monolayer (Esclatine et al., 2000; Jourdan et al.,
1995). MA104 cells were grown in modified Eagle’s
medium (MEM) (Invitrogen Ltd) supplemented with 10%
FCS, 2 mM glutamine (Invitrogen Ltd), 1% non-essential
amino acids, 20 U of penicillin/ml, and with 40 U of
streptomycin/ml (Invitrogen Ltd) at 37 8C in an humidified
5% CO2 incubator. MA104 cells were used 48 h after
seeding.
Virus
Rhesus rotavirus RRV was obtained from J. Cohen
(CNRS, Gif/Yvette, France). Virus stocks were generated in
MA104 cells pre-incubated in serum-free-medium during 24
C. Chaı¨bi et al. / Virology 332 (2005) 480–490 487h. Virus was activated by treatment with trypsin (0.5 Ag/ml)
(Sigma Aldrich chimie, St. Quentin Fallavier, France) at
37 8C for 30 min. MA104 cell monolayers were then
infected. After 1 h of adsorption at 37 8C, the inoculum was
removed and infected cells were incubated in culture
medium containing 0.5 Ag of trypsin/ml. After exhibiting
a complete cytopathic effect, the cultures were freeze-
thawed and cell debris were removed by centrifugation. The
titers of virus were determined by plaque assay on MA104
cells as previously described (Estes and Graham, 1980) and
were expressed in plaque forming units (pfu)/ml.
Virus infection of Caco-2 cells
Cells cultured without FCS during 3 h were infected with
an inoculum of trypsin-activated RRV at different moi
ranging from 0.01 to 100 for 1 h at 37 8C. The inoculum
was then removed and fresh medium containing 0.5 Ag of
trypsin/ml was added. This time was taken as time zero for all
experiments. Infected cells were incubated at 37 8C in a
humidified 10% CO2 incubator and were processed for
experiments at the indicated times post-infection. Mock-
infected cells were submitted to the same treatment.
Inactivation of RRV was accomplished through a process
using psoralen and long-wave UV light as previously
described (Brunet et al., 2000a). This treatment irreversibly
cross-links viral RNA but does not alter the hemagglutination
function or antigenic characteristics of rotavirus proteins
(Groene and Shaw, 1992). Since VP4 protein has been
implicated in several functions such as cell binding,
penetration, and hemagglutination (Crawford et al., 1994;
Kirkwood et al., 1998; Ludert et al., 1996), a hemagglutina-
tion assay was also performed to provide a measure of the
integrity of VP4 protein on the outer capsid of RRVand thus
outer capsid integrity. The titers did not significantly vary
between treated and untreated samples (data not shown).
Analysis of DNA fragmentation by Cell Death Detection
ELISAplus kit (Roche Diagnostics, Meylan, France)
This kit is a photometric enzyme-immunoassay for
qualitative and quantitative in vitro determination of cyto-
plasmic histone-associated-DNA-fragments. Caco-2 cells
were cultured in 24-well plates. Cells were mock- or RRV-
infected (moi 10, 24 h pi). Attached and floating cells were
harvested and centrifuged at 1500 rpm for 6 min. Pellets were
recovered and treated following the manufacturer’s instruc-
tions. The enrichment of nucleosomes in the cytoplasm of





dUTP-biotin nick end-labeling (TUNEL) shows chromatincondensation, as previously described (Gavrieli et al.,
1992). Caco-2 cells cultured on coverslips were fixed
with 4% formaldehyde (Sigma) for 1 h at room temper-
ature. After three washes with phosphate-buffered saline
(PBS), the coverslips were permeabilized on ice using
0.1% Triton X-100 (Sigma) in a 0.1% sodium citrate
solution and then washed. The TdT labeling reaction was
carried out in a humidified incubator for 1 h in the dark
with TdT and nucleotide mixture (Roche Diagnostics).
Following three washes in PBS, coverslips were mounted
directly in Glycergel (Dako SA, Trappes, France). Cells
were observed by using a Leitz Aristoplan microscope
with epifluorescence coupled to an Image Analyzer
Visiolab 1000 (Biocom, Les Ulis, France).
Quantification of apoptosis by Hoechst 33258 staining
Caco-2 cells cultured on coverslips were fixed with
4% paraformaldehyde (Sigma) for 15 min at room
temperature, washed three times for 5 min with PBS,
and then permeabilized using 0.2% Triton X-100 in PBS.
After three washes in PBS, cells were stained for
Hoechst 33258 (5 Ag/ml) (Sigma) by incubation for 1
h at 37 8C. Following three washes in PBS, coverslips
were mounted in buffered glycerol (Biomerieux, Marcy
l’Etoile, France). The percentage of cells exhibiting
condensed chromatin was determined by using a Leitz
Aristoplan microscope with epifluorescence. Apoptotic
cells were quantified by counting 500 cells from at least
5 different random fields of the slide, in a blinded
fashion with two investigators.
Analysis of mitochondrial membrane potential (Delta wm )
Caco-2 cells were cultured on coverslips. Fifteen
minutes before fixation, the Mito Traker Red CMX Ros
(750 nM) (Molecular Probes, via Interchim, Montluc¸on,
France) was added to culture medium. Then cells were
fixed with 4% paraformaldehyde for 15 min and
permeabilized with a 90/10-acetone/water solution during
2 min at 20 8C. After 3 washes, Hoechst labeling was
proceeded and coverslips were mounted in buffered
glycerol and analyzed by epifluorescence microscopy.
Analysis of the Annexin V binding properties
Caco-2 cells cultured on coverslips were washed with
PBS and then incubated with 200 Al of binding buffer
containing 5 Al Annexin V-EGFP supplied in the ApoAlert
Annexin V kit (BD Biosciences via Ozyme, Saint Quentin
en Yvelines, France) for 10 min at room temperature.
Following one wash, coverslips were fixed with 2%
formaldehyde (Sigma) for 30 min at room temperature.
After one wash, coverslips were mounted in Glycergel and
observed with a confocal laser scanning microscope (CLSM
510, Zeiss, Germany), coupled to an LSM 5 Image Brother
(Zeiss, Germany). Fluorescent images were acquired with
argon (wavelength 488 nm) and helium neon (wavelength
568 nm) lasers.
C. Chaı¨bi et al. / Virology 332 (2005) 480–490488Flow cytometric analysis of apoptosis
Caco-2 cells were cultured for 9 days in 25 cm2 culture
flasks. Then, they were infected with RRV (moi 10). After
24 h of incubation, trypsinized cells and cells from the
cultured supernatant were pelleted by centrifugation (1600
rpm, 6 min) and resuspended in PBS.
DIOC6(3) labeling
Cells were resuspended at a concentration of 5–7  105
cells/ml and labeled with 40 nM DIOC6(3) (Molecular
Probes), aMito Tracker, for 30min at 37 8C in the dark. Some
samples were counterstained for 5 min with 10 AM of
Propidium Iodide (Sigma) in order to determine cell necrosis.
TUNEL and rotavirus labeling
Cells were resuspended at a concentration of 2  106
cells/ml and labeled with a TUNEL assay and/or with viral
antigens. For viral labeling, cells were incubated with rabbit
polyclonal anti rotavirus antibody (Sigma) diluted at 1:500
in a PBS solution containing 0.2% of gelatin (Sigma) for 1 h
at room temperature. After three washes in PBS containing
0.2% of Tween (Merck Eurolab via VWR International,
Fontenay-sous-bois, France), incubation with Rhodamine
RedX-conjugated donkey anti-rabbit (1:100 dilution) (Jack-
son Immunoresearch Laboratories via Interchim, Montlu-
c¸on, France) was performed for 1 h at room temperature.
Analysis was performed with appropriate gating para-
meters on a FACS Calibur flow cytometer (BD Biosciences,
San Jose, CA) using the CellQuest software (Becton
Dickinson).
Determination of cytochrome C release from mitochondria
Release of cytochrome C from mitochondria was
measured by immunoblotting. Cells were mock- or RRV-
infected at moi 10 during 24 h, trypsinized, centrifuged
(1500 rpm, 5 min), and gently lysed for 30 min in an ice-
cold buffer containing 210 mM sucrose, 70 mM mannitol,
10 mM Hepes, EDTA 1 mM and protease inhibitors
(Promega, Lyon, France). Lysates were centrifuged 15 min
at 11,000 rpm. Supernatants, the cytosolic fraction, and
pellets, the mitochondrial fraction, were incubated in Laemli
buffer and subjected to electrophoresis on 15% polyacryla-
mide gel. Proteins were electrotransferred to a PVDF
membrane. The membrane was blocked for 1 h in PBS
containing 5% milk powder and incubated overnight at 4 8C
with an anti-cytochrome C antibody (dilution 1/1,000, BD
Pharmingen, Paris, France). A sheep anti-mouse peroxydase
antibody was used as a secondary antibody at a dilution of
1/10,000. Bound immunoglobulins were revealed using the
ECL-Plus system (Amersham). The integrated pixel den-
sities of immunoreactive electrophoretic band of cyto-
chrome C were calculated using software from Scion,
normalized to the corresponding density of the mock-
infected band.Calcium depletion
An extra- and intracellular Ca2+depletion was conducted.
At 15 hpi, the culture medium was removed and RRV-
infected cells were incubated for 3 h with fresh Ca2+ free
medium containing 25 AM 1,2-bis (2 aminophenoxy) ethan-
N,N,N V,NV-tetraacetic acid acetoxymethyl ester (BAPTA-
AM, Sigma) to chelate intracellular calcium. We previously
showed that this treatment totally abolishes the RRV-
induced calcium rise observed at 18 hpi and does not
interfere with virus replication (Brunet et al., 2000a).Acknowledgments
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